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Worldwide, a signiﬁcant proportion of the large diameter (trunk) mains within water networks are still
made of aging cast iron material. With corrosion seeming to be the most signiﬁcant cause of dete-
rioration in cast iron trunk mains, the traditional structural view of the residual strength of the pipe has
been based on the strength of the remaining wall thickness, i.e. a loss-of-section approach. In some
situations this may lead to an over-estimate of the residual strength and better predictions can be made
using an approach based on fracture mechanics. The present research has shown how loss-of-section
models of residual strength can be used alongside fracture mechanics models in a twin approach to
provide boundaries to the failure envelope for a “ring element” subjected to combined bending and
direct (tensile or compressive) forces. When the application of such a failure envelope to a ring from a
pipe under combined vertical loading and internal pressure is considered, it was found that in addition to
its size, the angular position of a corrosion defect can have a signiﬁcant effect on the residual strength of
the pipe.
& 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).1. Introduction
In the developed world, the water industry tends to operate in
a context of large scale infrastructure for the delivery of potable
water and the removal of sewage. For more than a century, the
material of choice for many of these networks was cast iron. Re-
markably, these assets are still an integral part of the network and
many cast iron mains have in fact outlived the pipes that replaced
deteriorated parts of the network.
Cast iron trunk mains are typically of large diameter, between
12″ and 48″ (approximately 300–1200 mm; since the majority of
these assets were manufactured pre-SI, both sets of dimensions
are included for completeness). These mains convey large volumes
of water between reservoirs, treatment works and local distribu-
tion networks (comprising pipes typically between 4″ and 12″ i.e.
approximately 100–300 mm in diameter), sometimes over quite
signiﬁcant distances (e.g. up to tens of kilometres). Compared to
the smaller distribution mains, trunk mains tend to have low
failure rates, but when they do fail the consequences arer B.V. This is an open access article
Physical Sciences, University
himi).potentially much more signiﬁcant, with high direct, indirect and
societal costs. The catastrophic consequences associated with
failure of trunk main assets, along with the critical role they play
within the water supply network, necessitate proactive asset
management strategies aiming to reduce risk of failure of in-
dividual mains and improve resilience of the network. However
the extent and size of this network of underground assets make
widespread replacement unfeasible and risk-based management
strategies based on targeted replacement of deteriorated parts of
the network and actions to mitigate risks become paramount [1].
Asset management, in this context focussing on the targeted
replacement of deteriorating mains, requires tools and models for
the prediction of the future performance of the network. Several
physically based deterioration models have been developed in
recent years [2–8], which attempt to simulate the in-service de-
terioration and failure mechanisms of cast iron distribution water
mains. There are also methodologies that apply speciﬁcally to
water trunk mains [9–11]. However, the requirement for a robust
deterioration model that enables the accurate prediction of con-
dition and performance of cast iron trunk water mains has re-
mained one of the key challenges, worldwide.
Critical to developing the right deterioration methodology for
cast iron trunk mains is to establish the principal deterioration
mechanism, i.e. the key process that governs aging and failure.under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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corrosion seeming to be the most signiﬁcant cause of deterioration
(particularly when compared with fatigue). However the predic-
tion of deterioration is not straightforward, requiring:
) the ability to characterise the material (in terms of the micro-
structure, the mechanical properties controlled by this micro-
structure and hence the performance);
) knowledge of local conditions (in terms of soil chemistry and
loading from the soil, trafﬁc and the impact of buildings and
other services);
) knowledge of operational pressures placed upon the network
by its users; and
) models that link the degraded condition of a pipe to its residual
strength.
Local conditions can affect the deterioration of such pipes and
the size of the pipe can also have an impact on the behaviour
observed due to a combination of geometrical considerations and
the depth that pipes are buried. Smaller diameter pipes are typi-
cally buried more shallowly than larger diameter pipes, although
civil engineering standards in different countries may specify dif-
ferent depths due to geological and climate variations, e.g. pipes in
Canada tend to be buried more deeply due to ground frost issues.
For trunk mains the corrosion encountered within a single pipe
has been shown to exhibit much greater variability than that ob-
served on small diameter distribution mains. Further, two different
conformations of corrosionwere observed, i.e. patches of corrosion
of uniform depth and more localised pit-like corrosion [13].
Cast iron is a relatively brittle material and typically structu-
rally fails through fracture when subjected to stresses that exceed
the residual strength of the material. With corrosion seeming to be
the predominant cause of deterioration of cast iron pipes, the
traditional structural view of the residual strength of the pipe has
been based on the strength of the remaining wall thickness, i.e. the
loss-of-section approach [4,10,14–16]. In certain circumstances
however corrosion, particularly when it is in the form of localised
corrosion, can become analogous to a crack. Recent experimental
work [13] on samples sourced from failed large diameter cast iron
trunk mains suggested that a fracture mechanics approach to
strength analysis is more appropriate in such cases than methods
relying solely on loss-of-section. This suggests a link between the
conformation of corrosion defects and the residual strength of
samples. However, despite fracture mechanics theory being cited
in the literature to explain the loss of strength of cast iron pipes
containing corrosion pits [3,13,15,17–19], few of these studies in-
corporate the approach as part of a comprehensive failure mod-
elling framework.
One paper that has considered this is a study by Li and Mah-
moodian [11] in which a methodology was presented to estimate
the remaining strength of cast iron trunk mains by considering the
concept of the critical stress intensity factor as the failure criterion.
In this study a corrosion pit is considered to cause localised cracks
at or around the tip of the corrosion pit hence creating stress
concentration in accordance with fracture mechanics theory. On
this basis, their proposed methodology simpliﬁes a three dimen-
sional semi-ellipsoidal corrosion pit to be treated as a semi-ellip-
tical longitudinal crack with Mode I fracture (in-plane tensile
mode) to be anticipated when the stress intensity factor reaches
its critical value, i.e. the material's fracture toughness. However, in
estimating the stress intensity factor, only the hoop stress caused
by internal pressure in the pipe is considered and the effects of in-
plane bending stresses (as well as some hoop stresses) caused by
external loading are ignored. In contrast, the current study out-
lines a methodology to implement the principles of fracture me-
chanics alongside the loss-of-section approach whilst alsoconsidering complex loading situations representative of those
found in service.
More speciﬁcally the aim of the present work is to show how a
fracture mechanics approach could be implemented to estimate
the residual strength of pipes and be used alongside loss-of-sec-
tion models to provide boundaries to the failure envelope. In both
cases, geometrical and operational conditions are taken into ac-
count. The structure of the paper is as follows: the next section
provides a brief background to the principal structural perfor-
mance limit in cast iron trunk mains and explores the concept of
the combined loading analysis as originated by Schlick [20] and
developed in a recent methodology by Rajani and Abdel-Akher
[10] for large diameter cast iron pipes. The subsequent section
examines the ﬂexural strength of a cast iron ring element using
both the loss-of-section and fracture mechanics approaches. The
ﬁnal section of this paper presents combined loading curves of
vertical loading against internal pressure for a ring of a cast iron
pipe, following a similar methodology to that suggested by Rajani
and Abdel-Akher [10], but with the addition of a fracture me-
chanics based failure criterion.2. Structural performance limit in cast iron trunk mains
The two principal types of failure in cast iron pipes are long-
itudinal and circumferential fractures, with the latter being more
commonly observed in (large diameter) trunk mains and the former
in (small diameter) distribution mains. This is because the small
diameter pipes respond primarily to external loadings and tem-
perature differences through longitudinal stresses that cause cir-
cumferential breaks, while large diameter pipes mainly fracture
longitudinally due to hoop stresses [7]. An empirical failure criterion
for large diameter rigid pipes experiencing resistance in the in-plane
direction was proposed by Schlick [20]. Schlick's failure criterion
shows that failure of a cast iron pipe as a rigid structural component
under combined internal pressure p and an external load w is
governed by parabolic interaction curves and can be expressed in
terms of normalised loading and water pressure by this expression:
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whereWf is the external load that is necessary to cause failure in the
absence of internal pressure, and Pf is the internal pressure necessary
to cause failure in the absence of external loading. This method is
commonly known as “combined loading analysis” [21].
The Schlick failure criterion has been used in several failure
methodologies concerning cast iron pipes [2–4,7,8,9]. Most re-
cently, Rajani and Abdel-Akher [10] presented a mechanistic
model to predict the factor of safety of large diameter cast iron
pipes based on combined loading analysis. Their proposed meth-
odology undertakes ﬁnite element analysis and relates the residual
strength to the remaining wall thickness, i.e. a loss-of-section
approach. The results of the laboratory testing conducted by
Schlick [20] on 12″ and 20″ (approximately 300 and 500 mm) cast
iron rings were used to validate the proposed methodology.
As part of the current study, the methodology proposed by
Rajani and Abdel-Akher [10] has been adopted and explored fur-
ther for the purpose of comparing a residual strength model that is
developed based on a fracture mechanics approach to the one that
is based on the traditional loss-of-section view. In the ﬁrst instance
the concept of ﬂexural strength of a ring element is examined
using both loss-of-section and fracture mechanics approaches. The
resultant ﬂexure strength models have then been compared and
used subsequently to produce combined loading failure curves for
external loading and internal pressure for a thin circular ring.
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Fig. 1. Schematic illustrating a ring element being a cross section of a thin circular
ring subjected to a combination of force and bending moment.
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3.1. Loss-of-section analysis of a ring element
A “ring element” here is deﬁned as a cross section of negligible
length and small width across the pipe wall thickness at any point
along the ring (Fig. 1). Typically elements around the ring, when
considered in plane, are subjected to a combination of force,
creating hoop stresses tangential to the ring, and bending mo-
ment. The ﬂexural strength of a ring element is therefore deﬁned
by any combination of force and bending moment that corres-
ponds to failure conditions for that element, and is represented in
the form of an interaction diagram of forces and moments [10]
that is referred to as the interaction diagram of ﬂexural strength. A
positive force is assumed to be one that creates tension across the
element and a positive moment is considered to be one that
subjects the inner wall to tension, and the outer wall to
compression.
The failure condition here is deﬁned as when the tensile or
compressive strain at the surface of the ring element is equal to
the ultimate values of the material. Fig. 2 illustrates a generalised
schematic of the ﬂexural strength interaction diagram of forcesFig. 2. Generalised schematic of a ﬂexural strength interaction diagram (failure envelop
against force creating the assumed fracture envelope in loss-of-section analysis. The s
presentative stress-strain relationship for a ring element in failure in (i): pure tensio
compression.and bending moments of a ring element based on the loss-of-
section analysis. The ﬂexural strength diagram deﬁnes a failure
envelope for the ring element outside which failure is anticipated
(shaded area). A corrosion defect in this model has been simulated
as a loss of thickness over the length of the ring element. The
ﬂexural strength interaction diagram can be created numerically
following the general steps summarised below:
) calculation of the maximum tensile force per unit length of pipe
(Fut) by multiplying the tensile strength (σut) by the remaining
wall thickness of the ring element;
) calculation of the maximum compressive force per unit length
of pipe (Fuc) by multiplying the compressive strength (σuc) by the
remaining wall thickness of the ring element;
) for a force (Fn) intermediate between the maximum values of Fut
and Fuc forces, establishing the location of the neutral axis;
) calculation of the corresponding bending moment capacity per
unit length of pipe (Mn).
As part of the present analysis, representative stress-strain
behaviour was assigned to a cast iron ring element based on the
experimental observations from ﬂexural tests and an associated
model put forward by Jesson et al. [13]. Appendix A expands on the
representative stress-strain model and the relevant calculations
undertaken to produce the ﬂexural strength interaction diagram of
a ring element. A linear distribution for strain has been assumed
across the wall thickness. The stress is assumed to be following a
linear elastic distribution until yield, followed by plastic deforma-
tion until fracture. It should be noted that as cast iron is weaker in
tension than in compression, under ﬂexural tests, the material
would fail in tension and the compressive part of the model pre-
sented by Jesson et al. [13] was only calculated for a corresponding
strain at tensile failure. As part of the current work, however, for
completeness, the material has also been assumed to yield and
fracture in compression in a similar manner when reaching stresses
of about twice the yield strength in tension (a similar observation
on the relative values of compressive and tensile yield strength wase) for a ring element of cast iron trunk main in which bending moment is plotted
haded region denotes a failed state. The ﬁgure also illustrates schematics of a re-
n, (ii): pure bending, (iii): simultaneous tension and compression, and (iv): pure
Fig. 3. Flexural strength interaction curves (failure envelopes) for cast iron ring elements. The ﬂexural strength curves have been created for the original thickness as well as
reduced wall thicknesses due to loss-of-section (corrosion) based on stress-strength model described in Appendix A. The area outside each envelope represents a failed state.
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stress-strain relationship for the present purposes. The values used
were: a Young's modulus of 80 GPa in both tension and compres-
sion and nominal tensile and compressive strengths of 160 MPa and
320 MPa, and tensile and compressive failure strains of 0.3% and
0.6%, respectively. Fig. 3 illustrates the interaction diagrams of forces
and bending moments created for a ring element along a ring of a
30″ (approximately 750 mm) cast iron pipe with an original (arbi-
trarily deﬁned) wall thickness of 27.7 mm as well as ring elements
with reduced thicknesses due to corrosion. As can be observed, with
the loss-of-section (corrosion depth) increasing, the failure envel-
ope shrinks, with a greater reduction in bending capacity than done
of hoop capacity.
3.2. Fracture mechanics analysis of a ring element
In a fracture mechanics model, the failure criterion of a ring
element containing a defect is deﬁned by any combination of force
and bending moment that leads to a fracture mechanics Mode I
failure condition, i.e. the combined stress intensity factor (KI) be-
comes equal to the critical stress intensity factor or fracture
toughness ( )KIc . Here, an external corrosion defect is simulated as a
sharp longitudinal crack along the pipe that is circumferentially
located around the ring where maximum corrosion depth occurs
(Fig. 4). Therefore a pipe containing a corrosion pit can be analysed
as if it contains a ring element with an externally located surface
crack. It should be noted that most of these mains transport waterFig. 4. Circumferential representation of a corrosion defect around the ring in
fracture mechanics analysis.which is either treated or intended to be so, and therefore, in
general the water is not particularly aggressive, especially com-
pared to the local ground conditions. For simplicity here therefore,
corrosion is considered at the external surfaces of pipes.
Fig. 5 illustrates a generalised schematic of a ﬂexural strength
interaction diagram of forces and bending moments for a ring
element containing an externally located longitudinal crack. A
linear relationship is observed between the force and the bending
moment at failure: fracture failure is anticipated in the shaded
area. Each point on the interaction diagram can be numerically
calculated based on:
+ = ( )K K K 2I Force I Bending IC, ,
where KI Force, is the stress intensity factor created due to hoop
stress caused by an assumed tensile/compressive force ( Fn) per
unit length of pipe, and KI Bending, is the stress intensity created due
to the corresponding bending moment capacity per unit length of
the pipe (Mn).Fig. 5. Generalised schematic of a ﬂexural strength interaction diagram (failure
envelope) for a ring element of cast iron trunk main containing a crack in which
bending moment is plotted against force creating the assumed fracture envelope in
fracture mechanics analysis.
Fig. 6. External surface crack on a pipe (cylinder).
A. Fahimi et al. / Materials Science & Engineering A 663 (2016) 204–212208Here, the stress intensity created due to hoop stress ( )KI Force, is
calculated by applying what is known as the Newman's correction
factor [23,24] to the stress in hoop direction:
σ= ( )K f 3I Force Hoop Newman,
where fNewman is the Newman's correction factor and σHoop re-
presents the stress in hoop direction. The Newman's correction
factor has been calculated by Raju and Newman [24] for a wide
range of internal and external semi-elliptical surface cracks on
internally pressurised cylinders; it can be estimated at any point
along a longitudinal external semi-elliptical surface crack in a
pressurised cylinder from:
⎛
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where a and c are crack depth and half the crack length respec-
tively; d and R are the cylinder's wall thickness and internal radius
respectively; ∅ deﬁnes the angular position of stress on the crack
front, clockwise from the surface as schematically shown in Fig. 6;
fe is the boundary correction factor for an externally located sur-
face crack; and Q is the shape correction factor. The relevant
equations to calculate fe and Q can be found in references
[11,23,24], and are presented for completeness as part of Appendix
B to this paper.
In order to obtain the maximum value of stress intensity factor,
the value of KI Force, is taken at the deepest point of the crack
( π∅= /2). Here, we consider a range of semi-elliptical externalFig. 7. Flexural strength interaction curves for cast iron ring elements. The ﬂexural str
depths and lengths.surface cracks where: =a c/ 0.2, a d/ o0.8, located on a pipe (cy-
linder) in which =d/R 0.1.
In the presented work, the stress intensity created due to
bending stress ( )KI Bending, is estimated by applying the resultant
from the multiplication of the Newman's correction factor and
another factor to the nominal maximum stress in bending:
σ= ( )K f S 5I Bending Bending Newman,
where σBending represents the stress in bending, and S is derived
from the ratio of two sets of stress intensity factor inﬂuence
coefﬁcients for a single edge-crack in a ﬁnite-width sheet in ten-
sion and for an edge-crack in a beam in bending. Further details on
the derivation of S can be found in Appendix C.
Once ( )KI Force is calculated, the stress intensity created due to
bending stress ( )( )KI Bending can be found using Eq. (2) and then,
considering Eq. (5), σBending can be calculated. The corresponding
bending moment per unit length of pipe (Mn) can then be derived
from [25]:
σ = ( )M d6 / 6Bending n 2
Fig. 7 illustrates the failure correlation of combined force and
bending moment for a ring element of a 30″ cast iron pipe with
wall thickness of 27.7 mm (arbitrarily deﬁned) containing an ex-
ternally located edge crack. Various crack depths of 10%, 30% and
50% of the wall thickness have been considered, to be comparable
with the models provided in the loss-of-section analysis illustrated
in Fig. 3. In this example a fracture toughness value of 10 MPa m
has been assumed for cast iron [26]. As can be observed, with
increasing corrosion depth, the line of the failure envelope shifts
upwards and changes gradient.
3.3. Comparing the strength models for the ring elements
Here, the ﬂexural strength interaction diagrams (Fig. 3) pre-
sented as part of the loss-of-section analysis are compared with
the strength models derived and presented (Fig. 7) from the
fracture mechanics analysis. Since the ring elements are more
likely to experience the forces that are representing the tensile
condition, then for simplicity this comparison is focused on the
tensile part of the ﬂexural strength interaction diagrams.
The graphs presented as part of Fig. 8 illustrate how the ﬂexural
strength interaction diagrams compare between the two modelsength curves have been created for the ring elements containing cracks of various
Fig. 8. Comparison graphs of ﬂexural strength interaction diagram based on loss-of-section and fracture mechanics analyses: (a) original thickness and no defect present;
(b) a corrosion defect with a depth to wall thickness ratio of 10%; (c) a corrosion defect with a depth to wall thickness ratio of 30%; (d) a corrosion defect with a depth to wall
thickness ratio of 50%.
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also indicate that the application of fracture mechanics would
modify the failure envelope and increase the failure region (sha-
ded area) as the depth of corrosion increases. In parallel when the
ring element is subjected to positive (tensile) forces and negative
moments, independent of the corrosion depth, the failure is
mainly governed by the fracture mechanics strength model. In
contrast, in the region of the graphs where the section is subjected
to positive forces and positive moments, both strength models can
be inﬂuential, although the loss-of-section model tends to be
causing failure. This is particularly the case at 10% depth of cor-
rosion (Fig. 8 (b)), at which failure is mainly governed by the loss-
of-section residual strength model. Here, the positive bending
moments are acting to close an externally located crack whilst, on
the other hand the tensile forces tend to open it up.
3.4. Combined loading analysis of a thin circular ring
We now calculate the response of a ring subjected to external
load and internal pressure by estimating the failure load, also re-
ferred to as ‘resistance capacity’ [10]. This is the minimum external
load (earth and trafﬁc loads) that causes one or more elements
along the ring to reach its ﬂexural strength for an assumed internal
pressure or alternatively, the minimum pressure (internal working
and surge pressure) that causes one or more elements along the
ring to reach its ﬂexural strength for an assumed vertical load [10].
In order to create the combined loading curves from theresidual strength model, the uniformly distributed force around
the ring per unit length, generated by an assumed internal pres-
sure, is calculated and positioned against the ﬂexural strength
interaction diagram of the ring elements. A procedure then cal-
culates the minimum external loading that is required to generate
the additional forces and moments per unit length, at any point
around the ring, necessary to create failure. The combination of
the internal pressure and the calculated minimum external load-
ing generates a failure point on the combined loading. Alter-
natively, the resultant forces and moment that have been gener-
ated due to an assumed vertical loading can be calculated and
positioned on the residual ﬂexural strength interaction diagram of
the ring element. The procedure then calculates the minimum
internal pressure that is required to generate the additional force
per unit length necessary to shift this position into the failure
envelope. The combination of the external loading and the calcu-
lated internal pressure provides a failure point on the combined
loading curve.
At this stage, closed form formulae for structural analyses of a
ring [10,27] have been considered to calculate the distribution of
forces and moments developed by external loading (earth and
trafﬁc load), and internal pressure (Fig. 9). The solutions are as-
sumed to be applicable, provided the pipe wall is relatively thin in
relation to the radius and that it is uniform [10]. The two-edge
vertical loading condition - i.e. concentrated point loading at top
(crown) and point reaction at bottom (invert)-has been simulated
to study the effects of external vertical loading on the ring as
Fig. 9. Structural solutions to calculate circumferential (hoop) forces and bending moments around the ring of the pipe subjected to: (a) two-edge vertical loading and
(b) internal pressure. R is the mean radius of the pipe andd is wall thickness, M is the bending moment per unit pipe length, ΘF is the internal force per unit pipe length, w is
the applied two-edge external load per unit length of the pipe,p is the internal water pressure, θ is the angle between the vertical radius of the pipe bottom and the point
around the thin circular ring at which θM and θF are calculated in anticlockwise direction (adapted from: Young and Trott [27]).
A. Fahimi et al. / Materials Science & Engineering A 663 (2016) 204–212210schematically shown in Fig. 9(a).
In order to be able to implement these analytical solutions into
the loss-of-section analyses, here, a uniform loss of section around
the ring has been considered. This is considering a case that the
uniform corrosion can be anywhere around the ring. Finite ele-
ment solutions, similar to what has been proposed by Rajani and
Abdel-Akher [10] should however be considered, in order to assessFig. 10. Combined loading curves for fracture mechanics and loss-of-section strength m
θ¼0° and 180°, and the loss of section is uniform around the entire ring; (a) ring with ori
thickness ratio of 10%; (c) has a corrosion defect with a depth to wall thickness ratio ofa locally damaged ring. The solutions in Fig. 9(a) indicate that the
maximum absolute values of bending moments due to an applied
two-edge external load develop at the top, i.e. θ¼180° (crown),
and bottom, i.e. θ¼0° (invert), of the ring cross-section. Therefore,
considering the assumption of uniform corrosion around the ring,
the calculations of the external load capacity need only be made at
the crown and invert. In producing the fracture mechanicsodels. Both models represent the worst case scenarios, i.e. the crack at spring lines
ginal thickness and no defect present; (b) has a corrosion defect with a depth to wall
30%; (d) has a corrosion defect with a depth to wall thickness ratio of 50%.
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ring for corrosion-induced defects (simulated cracks) are at the
spring lines, i.e. θ¼90° and 270°. This is because, considering the
structural solutions of a ring that is subjected to two-edge vertical
loading (Fig. 9(a)), although the bending moment maximum value
occurs at the crown and invert of the pipe, at these points the
bending moments are positive. This means tension is created in
the inner surface of the pipe, while the outer surface is subjected
to compression. Hence, bending moment at these locations is
working towards closing an externally located crack. On the other
hand, at the spring lines, the bending moment reaches its max-
imum negative value, i.e. the inner wall is subjected to compres-
sion and the outer surface is subjected to tension.
Fig. 10 compares the results of combined loading curves that
are generated based on fracture mechanics and loss-of-section
residual strength models. The graphs illustrate how the applica-
tion of fracture mechanics redeﬁnes the failure region (shaded
area). Both models represent the worst case scenarios, i.e. the
crack (corrosion defect) being at the worst location around the
ring, i.e. spring lines, and the loss of section is uniform around the
entire pipe's cross section. Undertaking this sort of analysis can be
useful when there is no information available on the actual loca-
tion and/or the surface extent of corrosion defects.
As can be seen from Fig. 10, overall it is noteworthy that there is the
considerable decrease in resistance capacity of the pipe with the in-
crease in corrosion depth, moving from Fig. 10(a) to (b), to (c) and (d).
This may explain why a pipe that has successfully been in service for a
long time can suddenly and catastrophically fail, when neither the
external loading nor the internal pressure have changed. Most
importantly for this analysis, in all cases considered in Fig. 10, the
combined loading curves created based on the fracture mechanics
residual strength model produce lower resistance capacities for water
pressure (bursting pressure) in the absence of vertical loading. The
curves produced based on the loss-of-section strength model, how-
ever, estimate lower resistance values for vertical loading (bearing
load) when no internal water pressure is considered. It is also appar-
ent, that for smaller depths of corrosion, e.g. 10% loss of thickness, the
analysis based on uniform loss of section appears to be predominantly
controlling the resistance capacity of the pipe. However once the
corrosion depth reaches about 30% loss of thickness, the fracture
mechanics model takes control of the resistance capacity of the pipe
for a wider range of loadings. For the stretches where the corrosion
reaches up to half of the original wall thickness, the contribution ofFig. 11. Combined loading curves for fracture mechanics and loss-of-section
strength model. In the fracture mechanics model the ring contains a corrosion
defect of 30% wall thickness that is treated as a crack. In this model the corrosion
defect has been simulated at various angles around the ring circumference. The
loss-of-section model is based on a uniform loss of 30% section around the ring.bothmodels becomes about equal. It is however worth noting that it is
unusual for water pressure to get up as high as 120 bar in cast iron
trunk mains. The water pressure in trunk mains network are typically
around 4–6 bar, with 20 bar being at the extreme end. Transient
pressures can potentially be higher though.
In undertaking the fracture mechanics analyses, if the cir-
cumferential location of a corrosion defect is known, the calcula-
tion of the moment and forces needs to be limited to that parti-
cular location around the ring. Fig. 11 compares the combined
loading curves produced for the same 30″ cast iron pipe containing
an external corrosion defect of about 30% of the original wall
thickness. Here the corrosion defect has been simulated both as a
localised crack at various locations and as a uniform corrosion
around the ring. The latter considers the scenario that corrosion
can be anywhere around the ring.
It can be seen that if the defect is located at the spring line, the
combined loading curve from the fracture mechanics strength model
predominantly produces lower resistance capacities. However as the
defect relocates towards the crown or invert of the ring cross section,
the loss-of-section strength model controls the resistance capacity of
the pipe over a wider range of loadings. It is clear however that even
at the crown and invert, the fracture mechanics curve still provides
useful boundaries for bursting pressures.4. Concluding remarks
Existing models for residual strength have been used with some
success in the water industry in order to inform asset management
decisions. Such models are based mainly on the traditional view
that the impact of corrosion can be treated as a loss of section – in
essence reducing the problem to a simple assessment of the impact
of degradation to a purely structural assessment. In practice this can
lead to an over-estimation of the residual capacity of a speciﬁc pipe
when the corrosion is present as more penetrating pit-like corro-
sion, rather than as a layer of uniform corrosion.
The current paper has taken the loss-of-section approach as a
starting point and added a fracture mechanics analysis (which
includes factors for geometric and loading conditions speciﬁc to a
pipe in service). This revised model has been shown to provide a
useful assessment of the residual capacity of pipe in a trunk main,
which has been demonstrated through the presentation of failure
envelopes generated for example defects in particular locations
around the circumference of a pipe. Further, a case study de-
monstrates the potential to apply this methodology to a speciﬁc
example. Such an approach provides a useful basis for asset
management tools, and suggests a way in which a slowly dete-
riorating pipe can suddenly and catastrophically fail, when neither
the internal pressure nor external loading have changed. It should
also be noted that whilst the analysis presented here has been
developed for grey cast iron, it has the potential to be adapted for
other materials in other contexts.Acknowledgements
The support of the project, co-funded by Thames Water Uti-
lities Ltd and the EPSRC through the SEES IDC (Grant No. EP/
G037612/1), is gratefully acknowledged.Appendix A. Supporting information
Supplementary data associated with this article can be found in
the online version at http://dx.doi.org/10.1016/j.msea.2016.03.029.
A. Fahimi et al. / Materials Science & Engineering A 663 (2016) 204–212212References
[1] A. Fahimi, M.J. Mulheron, D.A. Jesson, P.A. Smith, T.S. Evans, N. Clay-Michael, J.
Farrow, in: Proceedings of the Second international Conference on the design,
construction, maintenance monitoring and control of urban water systems,
Portugal, 2014, pp. 401–420.
[2] B. Rajani, J. Makar, A methodology to estimate remaining service life of grey
cast iron water mains, 2000, 2001, pp. 1259–1272.
[3] B. Rajani et al., Investigation of grey cast iron water mains to develop a
methodology for estimating service life. Denver, CO: American Water Works
Association Research Foundation, 2000.
[4] A.K. Deb, F.M. Grablutz, Y.J. Hasit, J.K. Snyder, G.V. Loganathan, N. Agbenowski,
Prioritizing water main replacement and rehabilitation, Denver, CO: American
Water Works Association Research Foundation: Distribution Systems, 2002.
[5] R. Sadiq, B. Rajani, Y. Kleiner, Probabilistic risk analysis of corrosion associated
failures in cast iron water mains, Reliab. Eng. Syst. Saf. 86 (1) (2004) 1–10.
[6] B. Rajani, S. Tesfamariam, Estimating time to failure of ageing cast iron water
mains under uncertainties, ICE Water Manag. J. 160 (2) (2005) 83–88.
[7] S. Tesfamariam, B. Rajani, R. Sadiq, Consideration of uncertainties to estimate
structural capacity of ageing cast iron water mains - a Possibilistic approach,
Can. J. Civ. Eng. 33 (8) (2006) 1050–1064.
[8] M. Moglia, P. Davis, S. Burn, Strong exploration of a cast iron pipe failure
model, Reliab. Eng. Syst. Saf. 93 (6) (2008) 885–896.
[9] P. Davis, D. Marlow, Quantifying economic lifetime for asset management of
large diameter pipelines, Am. Water Works Assoc. 100 (7) (2008) 110–119.
[10] B. Rajani, A. Abdel-Akher, Re-assessment of resistance of cast iron pipes sub-
jected to vertical loads and internal pressure, Eng. Struct. 45 (2012) 192–212.
[11] C.Q. Li, M. Mahmoodian, Risk based service life prediction of underground cast
iron pipes subjected to corrosion, Reliab. Eng. Syst. Saf. 119 (0) (2013) 102–108.
[12] H. Mohebbi, D.A. Jesson, M.J. Mulheron, P.A. Smith, The fracture and fatigue
properties of cast irons used for trunk mains in the water industry, Mater. Sci.
Eng. A. 52 (21–22) (2010) 5915–5923.
[13] D.A. Jesson, H. Mohebbi, J. Farrow, M.J. Mulheron, P.A. Smith, On the condition
assessment of cast iron trunk main: the effect of microstructure and in-service
Graphitisation on mechanical properties in ﬂexure, Mater. Sci. Eng.: A 576
(2013) 192–201.[14] K. Yamamoto, S. Mizoguti, K. Yoshimitsu, J. Kawasaki, Relation between gra-
phitic corrosion and strength of cast iron pipes, Corros. Eng. 32 (1983)
157–162.
[15] R.M. Conlin, T.J. Baker, Application of Fracture Mechanics to the Failure Be-
haviour of Buried Cast Iron Mains, In Transport Research Laboratory (Contract
Rep. No 266), 1991.
[16] J. Kim, C. Bae, H. Woo, J. Kim, S. Hong, Assessment of residual tensile strength
on cast iron pipes. In pipelines 2007, Am. Soc. Civ. Eng. (2007) 1–7.
[17] K. Atkinson, J.T. Whiter, P.A. Smith, M. Mulheron, Failure of small diameter cast
iron pipes, Urban Water 4 (3) (2002) 263–271.
[18] H.M.S. Belmonte, M. Mulheron, P.A. Smith, A. Ham, K. Wescombe, J. Whiter,
Weibull-based methodology for condition assessment of cast ironwater mains
and its application, Fatigue Fract. Eng. Mater. Struct. 31 (5) (2008) 370–385.
[19] H.M.S. Belmonte, M. Mulheron, P.A. Smith, Weibull analysis, extrapolations
and implications for condition assessment of cast iron water mains, Fatigue
Fract. Eng. Mater. Struct. 30 (10) (2007) 964–990.
[20] W.J. Schlick, Supporting strength of cast iron pipe for gas and water services,
Bulletin No 146, Iowa Engineering Experimental Station, Ames, 1940.
[21] A.P. Moser, S. Folkman, Buried Pipe Design, 3rd edn., McGraw Hill Professional
– Technology and Engineering, United States, 2008.
[22] M.V. Seica, J.A. Packer, Finite element evaluation of the remaining mechanical
strength of deteriorated cast iron pipes, J. Eng. Mater. Technol. 126 (2004)
95–102.
[23] J.C. Newman Jr., I.S., Raju, Stress-Intensity Factors for Internal Surface Cracks in
Cylindrical Pressure Vessels, Journal of Pressure Vessel Technology, Copyright
1982 by ASME, 1980.
[24] I.S. Raju, J.C. Newman, Jr., Stress-Intensity Factors for Internal and External
Surface Cracks in Cylindrical Vessels, Journal of Pressure Vessel Technology,
Copyright 1982 by ASME, 1982.
[25] A.P. Boresi, R.J. Schmidt, O.M. Sidebottom, Advanced Mechanics of Materials,
5th edn, Wiley, United States, 1993.
[26] M.F. Ashby, D.R.H. Jones, Engineering Materials 1: An Introduction to Prop-
erties, Applications and Design, 3rd ed., Elsevier Butterworth-Heinemann,
Boston, 2005.
[27] O.C. Young, J.J. Trott, Buried Rigid Pipes: Structural Design of Pipelines, Elsevier
Science & Technology, United States, 1984.
